Functional magnetic resonance imaging (fMRI) allows non-invasive assessment of human brain function in vivo by detecting blood flow differences. In this review, we want to illustrate the background and different aspects of performing functional magnetic resonance imaging (fMRI) in the pediatric age group. An overview over current and future applications of fMRI will be given, and typical problems, pitfalls, and benefits of doing fMRI in a pediatric age group are discussed. We conclude that fMRI can successfully be applied in children and holds great promise for both research and clinical purposes.
Introduction
Functional magnetic resonance imaging (fMRI) is a rapidly evolving application allowing visualization neuronal activation in vivo. Since functional MRI was first described only 10 years ago [43] , rapid progress has been made in this field, and the technique is now put to widespread use for clinical and research purposes in adult subjects [14, 28] . However, although a number of previous studies have included pediatric patients [15, 18, 23, 24, 25, 54, 55] , pediatric fMRI-applications are literally still in their infancy.
In this paper, we will briefly review the basics of fMRI and address the specific problems of conducting functional MRI in the pediatric age group. We will then outline the current research and clinical applications this exciting technique has in pediatrics and will close with an outlook on possible future developments.
Functional MRI: background

Origin of the fMRI-signal
Functional MRI relies on two basic assumptions: first, neuronal activation induces an increase in glucose metabolism, and second, this increased demand is met by an increase in local cerebral blood flow [11, 37] . This localized increase in cerebral blood is measured using different MRtechniques that are sensitive to small changes in the magnetic field that accompany these blood flow changes. The most abundantly used technique is known as "blood oxygenation level dependant" (BOLD) contrast and uses blood itself as an internal contrast medium [13] . BOLD imaging exploits tiny magnetization differences between oxygenated and deoxygenated hemoglobin ( Figure 1 ) [11, 13, 14] : since neuronal activation is followed by an increase in blood flow exceeding the actual demand, more oxygenated hemoglobin appears in the venous capillaries within the brain parenchyma. This shifts the relation between oxygenated and deoxygenated hemoglobin and thus (due to the different magnetic properties of the two forms) induces minute local distortions in the magnetic field (on the order of 1-4% [11] ). Because capillary density in gray matter is much higher in gray matter, the effect in gray matter dominates the overall signal. Figure 1 also illustrates two other characteristics of the BOLD-signal as detectable by BOLDfMRI: first, neuronal activation is actually detected slightly "downstream", i.e., in the draining venous vessels, and second, this (among other factors) introduces a certain "lag" from the onset of activation until the detection of measurable BOLD-signal (typically about 4-6 seconds [11, 35] ). It should also be kept in mind that the exact mechanism by which the increase in blood flow is elicited (and thus the exact neural correlate of the BOLD-signal) is still the subject of ongoing research [11, 37] , with recent progress combining different methodologies [34, 35] .
Image acquisition-and processing-issues
The magnetic field differences induced by the BOLD-effect are detectable using MRsequences sensitive to changes in susceptibility (or T2*-weighted) contrast [11] . Functional MRI is typically done using fast imaging techniques, with echo-planar imaging (EPI) being the most widely used method [27, 30] . EPI has two main features making it highly suitable for fMRI: first, each image slice is acquired very rapidly (typically in about 100 msec). This makes the resulting single image robust against motion-corruption, and motion between images can be corrected (to a certain extent) using dedicated correction algorithms. Secondly, EPI gives excellent T2*-contrast, making it very sensitive to the BOLD-effect. Unfortunately, EPI is also vulnerable to typical and significant image artifacts, including geometrical distortion and Nyquist ghosts [30] (Figure 2 ). Although higher-field MR-scanners have the distinct advantage of a much better signal-to-noise ratio, benefiting fMRI greatly [33] , the artifacts also become more severe. Therefore, since these artifacts prohibit a one-to-one correspondence of structural and functional imaging data, they must be adequately corrected before a functional study can be overlaid on the high-resolution, non-distorted structural study (as, for example, in Figure 3 or 8) [30, 50] .
Another potential pitfall inherent in BOLD-fMRI is the fact that, as mentioned above, the signal arises predominantly in venous capillaries draining an activated brain region. A potential ramification of this is mis-location of activation "downstream" from the correct site of activity, leading to spurious signals in the resulting images without concomitant neuronal activation [27, 32] . This issue will be discussed in more depth below in the "clinical fMRI"-section.
Functional MRI is very sensitive to motion, and thus motion correction is a necessary step in the post-processing of functional MRI-data, even more so in children [57] . Visual assessment of the raw data (in the form of a movie loop) may provide some clues as to the extent of the motion. However, motion correction should routinely be done in all of studies, for which a number of algorithms are available now [4] . This has the advantage of not only ensuring consistent data processing but also allows objective determination of the overall amount of adjustment made by the algorithm. This quantitative information can then be taken into account when judging the results, and a threshold can be set for rejecting data due to motion. Another important asset in dealing with the problem of motion-compromised studies is the ability to do online data-reconstruction and -processing. A first assessment of the scan-quality while the child is still in the scanner allows for a timely intervention, e.g. the repetition and/or addition of a functional study. Ultimately, if all attempts to conduct a functional study in an awake child fail, at least passive tasks can also be employed in sleeping or sedated children [3] , although changes in physiological parameters may significantly influence the expected results, especially in very young children [38] .
Regarding further post-processing of images, it is necessary to keep in mind that normative reference data most often was obtained from adult subjects, and using such data may introduce a systematic bias into the resulting images [59] . However, at the current resolution used in fMRI, the differences seem to be tolerable [8] . Generally, developmental differences need to be kept in mind when analyzing pediatric fMRI-images [56] .
Paradigms for fMRI
An fMRI-paradigm ideally will lead to the activation of brain regions of interest while not involving other regions [2] . This can be achieved by carefully matching active and rest states in as many aspects as possible in order to "isolate" the function of interest. Again, working with a pediatric population calls for special considerations regarding appropriateness for the age group studied [57] . Practical examples of simple fMRI-tasks will be given below when specific clinical/research areas are discussed.
The fact that the magnetic field changes induced by neuronal activation are very small currently results in two important limitations of fMRI-tasks: first, classical fMRI is only able to detect differences between states (usually termed "rest" and "active"), since only a difference in neuronal activation (and thus, blood flow) is detectable. Second, large numbers of images must be obtained for each state and are then statistically compared with each other to assess intensity changes correlating with the task (see pixel intensity course in Figure 3 , right). However, both limitations will become less relevant with the further development of advanced post-processing approaches [39] and the more abundant use of high-field MR-scanners (3 Tesla and above), since signal-to-noise increases with field strength and allows for a more flexible design [33] .
Special considerations for pediatric subjects
Subject preparation is key in doing successful (f)MRI-studies in children. The inability of a young child to lie still in the scanner is one of the major hindrances to effective functional imaging in this age group [57] . A high degree of flexibility regarding subject handling, preparation and scheduling is necessary in order to account for this major obstacle. If fMRI is to be routinely employed in the pediatric age group, the staff of the participating MRI-center must be flexible and willing to make a commitment to the additional resources needed to tailor the procedures to the individual child. This is exemplified in the case of a 5-year-old boy, who, despite the best efforts of an experienced team, was not able to participate in an fMRI-study when it was first scheduled. He was rescheduled for a few days later, and his parents were given written instructions and an audio-CD that allowed them to practice the tasks with the child at home. He was able to participate effectively in the second scan, with good results (see Figure 3 ).
In the authors' experience a good preparation and a calm and child-centered atmosphere are more decisive than the amount of time allotted for a given exam. Therefore, a procedure has been set in place in our center where the children are met by an fMRI-team member prior to the scan and are taken to the MRI-suite. Here, children are shown a short video of an 7-yearold girl completing a routine fMRI-study on one of our scanners. Whatever questions they (or the parents) might have are answered, informed consent is obtained, and they are taken to the scanner where they are introduced to the equipment and given demonstrations of the magnetic field ("magnet tricks"). The tasks are explained and practiced outside the scanner (with the same equipment used inside). In the case of an add-on exam (following a routine clinical MRI), children are also contacted and prepared before the scan starts.
During positioning, great care is taken to ensure maximal comfort. For the scan, MRcompatible headphones and video goggles are used over which children can watch visually presented stimuli or a movie (during non-functional parts of the exam). The setup is shown in Figure 4 for a 6-year old child. Such equipment is invaluable in reducing anxiety and ensuring compliance (and thus, reducing motion) [9, 57] . Children are addressed and talked to frequently between the scans and are constantly monitored via a closed-circuit video system. Parents are allowed to stay with the child if they wish to do so and if no contraindications exist.
With this routine, a more than 50% success rate even in 5-year-old (healthy) children is achieved; older children do significantly better, and overall, girls have a higher rate of successfully completed exams than boys [9] . With the highly motivated neurosurgery patients, we experience an even better rate of successful studies, while a much lower rate of successful studies must be expected in neurologically or psychiatrically impaired subjects.
Current research applications
Functional MRI is an exciting tool in neuroscience since it literally allows us to "watch the brain thinking". The absence of harmful radiation not only allows studying children in general, but also makes exams in healthy volunteers and repeated exams possible: an important difference from using data from "apparently normal" subjects who were investigated for clinical reasons [46, 57] . Over the last decade, fMRI has been employed to address a multitude of open questions in neuroscience; here, we will focus on three issues that have received widespread attention and are of special significance for pediatric neurology: language organization and development, brain plasticity, and neurobehavioral disorders.
Language organization and development
Language is among the most-studied brain functions since for the first time, knowledge about this central human capability can be deduced not (indirectly) from lesion models, but (directly) from healthy subjects in vivo [6, 24, 57] . These investigations have provided a number of new insights into how language is processed in the brain, including the broader role of what were classically thought to be language-specific areas for other functions, the greater contribution of right-hemispheric regions, and increases of language lateralization with age ( Figure 5 ) [6, 24, 60] .
Language development is considered a sensitive parameter of overall normal development in children [24] , especially during the first years [44] . Language functions continue to develop rapidly over the first two decades of life, and knowledge of normal development is necessary to allow for the identification of pathological patterns in disorders involving language problems. At present, such normative data is still lacking, but as it becomes available, it will allow pathological patterns and developmental abnormalities to be identified early on. This is especially important considering the huge variability in parameters derived from such studies (see variability of individual results in Figure 5 ), underlining the necessity to include sufficient numbers of subjects in pediatric fMRI-studies [57] A number of different tasks can be used to examine language functions. One such "child-friendly" paradigm is the widely used verb generation task: a noun is presented every five seconds, and the child is asked to "generate action-words that go with that word". Thirty second-blocks of cued verb-generation are interleaved with blocks of cued bilateral finger-tapping (sequential tapping of all fingers to the thumb) [24] . The finger tapping serves both as a distraction from generating further verbs and allows for the routine delineation of the hand region in the primary motor cortex. Another task readily applicable in a pediatric fMRI-session is a stories-listening task: children are asked to listen to short stories (30 seconds each), alternated with 30 second-blocks of listening to simple tones of the same bandwidth as the voice reading the stories. Therefore, acoustic processing is present in both blocks (and is therefore canceled out), while language processing only occurs in the active condition and is thus detectable. To ensure/increase attention, children are told beforehand that they will be questioned about the stories after the study is complete; this data is also used to judge compliance. In our experience, this task is doable even by children as young as 5 years [9] .
The (active) verb generation task on average results in the detection of a left-lateralized language network, consistent with a semantic decision-making process involving the dominant hemisphere [6, 24] . The (passive) story-task, weighted towards syntactic processing, results in a more bilateral activation, mostly involving receptive language areas (see Figure 6 ) [17] . While overall patterns at first sight seem similar in adults and children, important differences exist: language lateralization increases with age [24, 60] , a number of areas show age-related changes in activation [51] , and there is first evidence that the BOLD-signal itself could change with age [50] , even after the first years [38] . Developing a pattern of normal language development and then integrating abnormal variations into it will be one of the major challenges of the near future.
Brain plasticity
The ability of children's brains to recover from insults is unparalleled: children have long-since been known to recover better from traumatic insults like stroke or hemispherectomy, especially if they occur within the first year of life [10, 41] . This high level of plasticity is remarkable in many ways, and the most obvious implications of elucidating the mechanisms involved is a better understanding of the neural basis for rehabilitation. This is of course of great interest not only in children, but especially in adult patients, where strokes are among the leading causes of disability and where recovery is more often incomplete [10] . Functional MR-imaging seems to be among the most promising tools in further defining the processes taking place during recovery from injury. For example, fMRI permits longitudinal studies during the course of rehabilitation, allowing direct visualization of the in vivo-recovery of brain functions. Most studies to date have investigated patients remote from the incidence, i.e. investigate the endresult of brain plasticity [7, 25, 55] . One recent study investigated a patient before and after epilepsy surgery [22] , demonstrating the potential of longitudinal studies. Another important approach will be the combination of different methodologies like fMRI and transcranial magnet stimulation (TMS) [45] , as applied recently in a study on motor reorganization in children with cerebral palsy [54] . As yet, however, the data does not allow painting a clear picture on what mechanisms predominantly contribute to the unique plasticity of the young brain.
Neurobehavioral disorders
The term "neurobehavioral disorders" refers to a diverse group of enigmatic conditions, some of which are very common (like attention-deficit/hyperactivity disorder [ADHD] or pediatric mood disorders), others are very rare (like childhood-onset schizophrenia). While only until recently regarded as the sole domain of psychiatrists and psychologists, imaging studies have helped to move these disorders into the spotlight of neuroscience research [16, 21] . By demonstrating neurobiological deficits in distinct brain regions, the foundations can be laid for a better understanding and thus, better treatment.
In the case of ADHD, fMRI-studies have provided interesting information about activation differences between normal controls and unmedicated [48] and medicated subjects with ADHD [58] . The latter study elegantly investigated the effect of medication, demonstrating opposite effects on activation in the basal ganglia [58] and thus illustrating the potential of such investigations. ADHD, however, also points towards the limitations of fMRI-studies in childhood neurobehavioral disorders: the strong comorbidity with other neurological disorders (including learning disabilities, conduct disorder, and mood and tic disorders) and the special sensitivity of fMRI to motion artifacts make research on this disorder exceedingly difficult [21] .
Pediatric mood disorders, while common and having a severe psychosocial impact [42] , have not yet been studied using fMRI. The same is true for childhood-onset schizophrenia, although there is agreement that such studies will be important in further developing hypothesis on the origin of these disorders, especially with regard to their putative neurodevelopmental component [36] . It seems that the occurrence of such disorders "out of the ordinary", i.e. earlier in life than usual, provides a special opportunity to study their neuroanatomical substrate. However, much work remains to be done in this area before any given theory is supported by actual data.
Current clinical applications Clinical fMRI
Clinical fMRI refers to the application of fMRI in patients prior to undergoing neurosurgical intervention. The superior temporal and spatial resolution of BOLD-fMRI, combined with the lack of ionizing radiation, make it the preferable choice over methods like PET, which have also been used [28, 31] . While not (yet) approved for reimbursement by most medical insurance carriers, pre-surgical evaluation is the application where fMRI is closest to becoming part of a clinical routine. There are currently two major goals that are actually or potentially addressable using this approach: the delineation of eloquent cortex near a space-occupying lesion [15, 28] and the determination of the "dominant hemisphere" for language [12, 23] . Many more applications are currently developed that, e.g., try to directly identify seizure focuses using EEG-correlated fMRI [29] or are aimed at assessing medial temporal lobe structures prior to epilepsy surgery [20] . For the purpose of this overview, we will focus on the two main applications mentioned above.
Defining eloquent cortex-Even in normal volunteers, classical anatomical landmarks do not always overlap with the functional area attributed to them, a problem worsened by the presence of a space-occupying lesion [61] . Therefore, the visualization of eloquent cortical regions near a brain lesion in order to minimize the potential of post-operative neurological sequelae has gained widespread attention [15, 28, 31, 47, 61] . One of the major advantages of using fMRI instead of direct intra-operative mapping by cortical stimulation [28] is its noninvasiveness and the fact that it can be done as part of a routine clinical MRI. Further advantages are its wide availability, lack of ionizing radiation, high spatial and temporal resolution and the direct coregistration with high-resolution anatomical data [15, 28] .
It is important to keep in mind that there is no one "pre-surgical fMRI", but that every exam needs to be tailored to the individual patient, based on as much clinical and radiological information as possible. Therefore, close and informed cooperation between neurologist/ oncologist, neurosurgeon and radiologist is of paramount importance. For example, in the classical case of a patient with a perirolandic lesion [28] , the exact location of the lesion, clinical symptoms, and planned neurosurgical procedure all are important in order to define the fMRIparadigms to be used. Time constraints also need to be considered since an exam cannot be expected to include more than 2-4 paradigms. In young or strongly neurologically impaired children, studies may have to be even more limited.
The potential benefit of doing pre-interventional MRI is illustrated by the following case: a 14-year-old boy was studied for a lesion in his pre-central gyrus (Figure 7, left) . A combined finger-tapping/verb-generation paradigm was used as described above. In this case, activation could be seen both anterior and posterior to the lesion (Figure 7, right) , prompting a reevaluation of the planned neurosurgical approach. Following removal of the lesion through a small corticectomy (histology verified neurocysticercosis), the patient suffered no postoperative deficits.
The relevance of the potential for false-positive activation in draining vessels mentioned above must be stressed for pre-interventional fMRI: although good agreement of fMRI-maps and cortical stimulation could be shown in low-grade gliomas [47] , it should be kept in mind that even in the absence of overt pathological vessels, the localizing accuracy especially of BOLDfMRI may be altered close to brain tumors [26] due to a loss of vascular auto-regulation. Higher field-strength, spin-echo techniques, advanced post-processing approaches, and highresolution fMRI may all help in minimizing this confound [27, 40] . The effect is shown in Figure 8 in a child performing a passive listening-task as part of a pre-surgical evaluation: a strong negative activation was found close to the lesion (Figure 8, left) . One approach to aid in the decision on the origin of a given signal change is the direct comparison of functional activation maps with (MR-) angiographic images [49] or with contrast-enhanced images [15, 32] . The latter modality is independent of blood flow velocity, which might lead to a more sensitive detection of (pathological) vessels (as shown in Figure 8 , right). Pending further systematic studies on this issue, it is our opinion that either MR-angiographic or contrastenhanced images should be used to evaluate possibly spurious "functional" activation in close proximity to a space-occupying lesion, especially in suspected high-grade or vascular lesions [49] .
Despite these drawbacks, clinically indicated fMRI to delineate eloquent cortex is feasible and beneficial in selected pediatric neurosurgery patients, and a more widespread use of this application is to be expected.
Determination of the dominant hemisphere-One point of special interest has been the question of hemispheric lateralization of language functions, especially in comparison with the intra-carotid amytal test (Wada-test) [5, 12, 23, 53] . Functional lateralization is most often expressed as a lateralization index, weighting the activation in both hemispheres against each other [12] . Greater specificity can be achieved by only including language-related areas [24] ; more regionally specific assessment of activation may further improve the predictive value [53] . A number of tasks are able to detect a left-lateralized language network, albeit to a lesser degree in children than in adults [24, 60] (Figure 5,6) . Results from such tasks have been shown to have a high correlation with results obtained with the invasive Wada-test regarding hemispheric dominance [5, 12] , also in children [23] . Recent results obtained using a readingtask [19] have led to the conclusion that the time to replace the Wada-test is "almost there" [1] , pending further investigations on the ability of fMRI to predict post-interventional language or memory impairment. To this end, first results seem to indicate that specially designed memory paradigms in combination with high-resolution fMRI are able to lateralize memory functions in patients with temporal lobe epilepsy ( Figure 9 [56] ). Therefore, the combination of greater spatial specificity and additional information to be gained from a combined MRI/fMRI-exam will, in our opinion, lead to the replacement of the invasive Wadatest in the medium term.
Conclusions and Outlook
Functional BOLD-MRI in the pediatric age group requires a multi-disciplinary team effort, combining strong expertise in the techniques and an environment that does justice to the special needs of children. Pediatricians are especially called for to play an important part in implementing and advancing this technique in the pediatric age group.
A number of exciting research questions have already been addressed using fMRI in children, but many more open questions remain. Many of these are only addressable in children, where a number of neurological parameters are different from what is observable in adults. Understanding the normal development of functions seems key in addressing a wide range of neurological disorders in both children and adults, and these unique opportunities should not be missed.
Some clinical applications of fMRI are about ready to be used as part of a routine procedure, but many practical questions are still unsolved. In particular, complex acquisition and postprocessing issues still demand strong local expertise and background in order to not only successfully acquire, but also critically judge fMRI-results. However, constant technical and theoretical progress will continue to move the ideal of a robust and routine evaluation of pediatric neurosurgical patients closer to reality.
We conclude that, with the feasibility, practicality and benefit of functional MRI for both research and clinical applications demonstrated, its routine use in pediatric patients and subjects should be further explored and endorsed. Illustration of the BOLD-effect: during rest (top), equilibrium exists between oxygenated hemoglobin (left) and de-oxygenated hemoglobin (right). Activation (bottom) induces an influx of oxygenated hemoglobin exceeding demand, thus shifting the equilibrium in draining vessels. See text for details. Demonstration of EPI-artifacts: top left: conventional (undistorted) gradient-echo image; top right: raw EPI-image (note distortion of image and "ghosting" in front and back); bottom left: distorted image after correction of Nyquist-ghosts; bottom right: final, geometry-and ghostcorrected EPI-image. Brain activation while listening to a story in a 5-year-old boy, overlaid on the corresponding anatomical study (left); corresponding pixel-intensity time course (right). Note the overall onlỹ 2% signal change. Audiovisual MRI-setup, demonstrated with a 6-year-old girl; note MR-compatible headphones and video goggles. Language lateralization index as detected by a verb generation paradigm: lateralization significantly increases with age (p < 1 −5 , n = 158). Brain activation in children doing an active verb generation paradigm (top, n = 158) or a passive story task (bottom, n = 156). Note lateralization with the verb generation as opposed to bilateral activation in the listening task. Cortical lesion as demonstrated on the 3D-rendering of a high-resolution T1-dataset (left, arrow). Note location of the lesion within the primary motor cortex. Right: brain activation while doing a finger-tapping task. Note motor activation both anterior and posterior to the lesion (arrows) and slight posterior dislocation of motor activation due to the lesion's mass effect. Detection of false-positive "activation" close to a cortical lesion (left, arrows), corresponding to a pathological vessel as shown by contrast-enhancement (right, arrows). Hippocampal activation induced by a memory recall paradigm and detected by high-resolution fMRI: bilateral activation in a healthy volunteer (left, arrows), compared to unilateral activation (left only) in a patient with right-temporal lobe epilepsy (right, arrow; result consistent with memory lateralization as detected by Wada-testing). Image courtesy of Dr. Jerzy P. Szaflarski, MD, PhD, University of Cincinnati [56] .
